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(57) Abstract 

An optical display system (10) presents visual source information to an observer (18). The display system includes a 
vision unit (14) that has reflective surfaces (16) through which the observer can view an outside world scene and which ref- 
lect source information emanating from an information source (22) for display to the observer. In a preferred embodi- 
ment, the optical display system constitutes a head-up display system for an automobile and the observer is the driver of 
the automobile. The vision unit constitutes an automobile windshield with or without a reflection enhancement material 
and whose inner and outer surfaces reflect source information carried by light propagating from the information source, 
such as a liquid crystal display (32). A projection lens system (24) positioned between the inner surface of the windshield 
and the information source has optical light-directing properties for compensating for optical aberrations introduced by 
the nonplanar windshield surface. The projection lens system includes an aspheric element (262) that is unique to a specif- 
ic aspheric windshield shape and remaining elements that are common to a great number of different windshield shapes. A 
positioning mechanism (130) allows the driver to adjust the vertical position of the source information (60) reflected by the 
windshield within a total display field of view for optimal viewing by a seated driver. The positioning mechanism also au- 
tomatically changes the distance between the display image and the driver as a function of vehicle speed to promote safe 
vehicle operation. 



3NSDOCI0 <WO 89030S9A2 I > 



FOR THE PURPOSES OF INFORMATION ONLY 



Codes used to identify States party to the PCTon the front pages of pamphlets publishing international appli- 
cations under the PCT. 



AT 


Austria 


AU 


Australia 


BB 


Barbados 


BE 


Belgium 


BG 


Bulgaria 


BJ 


Benin 


BR 


Brazil 


CF 


Central African Republic 


CG 


Congo 


CH 


Switzerland 


CM 


Cameroon 


DE 


Germany, Federal Republic of 


DK 


Denmark 


n 


Finland 



FR France 

GA Gabon 

GB United Kingdom 

HU Hungary 

IT Italy 

JP Japan 

KP Democratic People's Republic 

of Korea 

KR Rep ub lie of Korea 

LI Liechtenstein 

LK Sri Lanka 

LU Luxembourg 

MC Monaco 

MG Madagascar 



ML Mali 

MR Mauritania 

MW Malawi 

NL Netherlands 

NO Norway 

RO Romania 

SD Sudan 

SE Sweden 

SN Senegal 

SU Soviet Union 

TD Chad 

TG Togo 

US United S tales of America 



~.**50OCID: <WO 8903059A2_I_> 



WO S9/03059 



PCT/USSS/03226 



10 



15 



AUTOMOBILE HEAD-UP DISPLAY SYSTEM 



Technical Field 

The present invention relates to optical 
display systems and, in particular, to a head-up 
display system for a motor vehicle in which the 

2 q windshield reflects light carrying visual vehicle data 

and status information for display to an occupant of 
the vehicle as the occupant views an outside world 
scene through the windshield. 

Background of the Invention 

25 A head-up display system is an optical 

display system that employs a combiner element through 
which an observer views an outside world scene and 
which reflects visual source information for display 
to the observer. The source information is typically 

30 carried by light emanating from the display surface of 

a cathode-ray tube. Head-up display systems are 
typically installed in fighter aircraft so that the 
pilot can simultaneously monitor critical flight 
information and observe events occurring outside the 

35 aircraft. Conventional combiner elements are of 

spherical shape and are designed to cooperate with a 
relay lens to collimate the source information- 
carrying light so that the display information appears 
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to be coming from optical infinity. 

The use of head-up display systems in motor 
vehicles would likely increase the safe use of and 
solve space availability problems in such vehicles* 
5 In particular, the dashboard area of an automobile has 

become susceptible to clutter as the trend toward the 
inclusion of more instrumentation and convenience 
features continues. The problem of dashboard clutter 
has heretofore been remedied by the placement of 

10 essential control knobs and switches on the steering 

column. The use of a head-up display system would 
permit projection of certain vehicle status and 
performance information, such as engine RPM, vehicle 
speed, and turn signal indications, forward of the 

15 vehicle for display to the driver after reflection 

from, a reflection enhancement material applied to or 
embedded in the windshield. Projecting such 
information out in front of the vehicle minimizes the 
time the driver needs to view the information, thereby 

2 0 enhancing safety in vehicle operation. 

A problem inherent in displaying the source 
information to the observer in this manner is that 
reflecting light off of a nonplanar surface optically 
aberrates the light carrying the display information. 
25 The surfaces of windshields designed for contemporary 

automobiles are of complex shapes in that they are 
typically aspheric with different curvatures in 
different sections lying in mutually orthogonal 
planes. The complex shapes stem from aethestics and 

3 0 from requirements that automobiles exhibit better 

aerodynamic performance. These requirements dictate 
that the windshield be inclined at a relatively large 
slope, i.e., at a "low angle" and be curved near the 
hood and roof lines of the vehicle so that the 
3 5 windshield forms a complex curvature between its top 

and bottom margins. The complex shape of the 
windshield necessitates, therefore, the use of a 
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correction lens having optical light directing 
properties that compensate for those of the windshield 
that would otherwise aberrate light carrying the 
display information. 
5 A problem arising, from the need for a 

correction lens in an automobile head-up display 
system is that different automobile models or body 
styles generally require windshields of different 
profiles. Correction lenses characterized by 
10 different optical light directing properties would, 

therefore, be required to compensate for the optical 
aberrations introduced by windshields of different 
profiles. 

The windshield must have adequate light 
15 transmission properties for the observer to view the 

outside world scene. Reflection enhancement devices 
for windshields can be of the wavelength nonselective 
type, such as a thin metallic or dielectric coating, 
or of the wavelength selective type, such as a 
20 multilayered dielectric coating or a hologram applied 

to a surface of the windshield or embedded within the 
laminae of the windshield. A process for embedding a 
hologram between two laminae of a windshield is 
described in copending U.S. Patent Application of Wood 
25 et al., Serial .No. 062,447, filed June 12, 1987, for 

Vehicle Display System Using a Holographic Windshield. 

The use of a windshield reflection 
enhancement device imposes certain system design 
constraints, one of which being the reduction of the 
3 0 photopic transmission of light (i.e., the transmission 

of light carrying the outside world scene) to the 
observer. The photopic transmission can be increased 
by using a wavelength selective device, which reflects 
light over a narrow bandwidth and thereby maximizes 
35 the windshield photopic transmission. The use of a 

wavelength nonselective device entails a direct 
tradeoff between display brightness and photopic 
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transmission; whereas, the use of a wavelength 
selective device offers maximum display brightness and 
photopic transmission. Another constraint is that the 
windshield reflection enhancement device be of 
5 sufficient quality so that it remains in place and 

wrinkle free. 

Summary of the Invention 
An object of the present invention is, 
therefore, to provide a head-up display system for an 
10 automobile or other vehicle. 

Another object of this invention is to 
provide such a head-up display system that presents 
substantially aberration-free source information to an 
occupant in a vehicle having a windshield of complex 
15 shape. 

A further object of this invention is to 
provide in a head-up display system a correction lens 
that is easily adaptable to correct for aberrations 
•introduced by windshields of different shapes. 
20 Still another- object of the present 

invention is to provide a head-up display system using 
a windshield that employs a reflective surface of high 
quality and provides maximum transmission of light 
carrying the outside world scene to an observer 

2 5 situated in the vehicle.. 

Yet another object of the present invention 
is to provide a head-up display system having adequate 
display brightness. 

The present invention is an optical display 

3 0 system for presenting visual source information to an 

observer. The display system includes a vision unit 
that has a reflective surface through which the 
observer can view an outside world scene and which 
reflects source information emanating from an 
3 5 information source for display to the observer.. In a 

preferred embodiment, the optical display system 
constitutes a head-up display system for a motor 
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vehicle, such as an automobile. The vision unit 
constitutes an automobile windshield with or without a 
reflection enhancement material and whose inner and 
outer surfaces reflect source information carried by 
5 light propagating from the information source, such as 

a liquid crystal display. The inner and outer 
surfaces of the windshield are of aspheric shape 
having different curvatures in different sections 
lying in mutually orthogonal planes. The aspheric 
10 windshield profile introduces aberrations into the 

light carrying the source information as it is 
reflected toward the observer. 

A projection lens system positioned between 
the inner surface of the windshield and the 
15 information source has optical light-directing 

properties for compensating for these optical 
aberrations. . To facilitate compensation of optical 
aberrations introduced by windshields of different 
shapes, the projection lens system includes an 
20 aspheric element that is unique to a specific 

windshield shape and remaining elements that are 
common to a great number of different windshield 
shapes. 

The projection lens system directs the light 
25 carrying the source information for reflection off the 

inner and outer surfaces of the windshield in a region 
that is substantially outside of the observer's 
primary operational field of view of the outside world 
scene. The dimensions of the display surface of the 
30 information source are scaled so that the source 

information displayed is contained within the 
observer's instantaneous field of view from different 
head positions. 

The display surface of the information 
35 source is operatively connected to a positioning 

mechanism that moves the display surface in the 
directions transverse to and collinear with the optic 
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axis of the head-up display system. The positioning 
mechanism allows the observer to adjust the vertical 
position of the source information reflected by the 
windshield within the total display field of view 
5 defined by the projection lens system for optimal 

viewing by a seated driver. The positioning mechanism 
also automatically changes the distance between the 
display image and the driver as a function of vehicle 
speed to promote safe vehicle operation. 

10 The information source preferably comprises 

a transmissive liquid crystal display that is 
illuminated by a high intensity broad band 
multispectral light source. Thin film color 
transmissive filters on the liquid crystal source 

15 produce multicolored images that are reflected by the 

windshield. It has been determined that a windshield 
having a wavelength selective coating that enhances 
reflection of a certain color of light can also 
reflect other colors of light by means of the - 

20 reflection properties of the external windshield 

surfaces themselves. Such a wavelength selective 
element can, if desired, .be used to equalize the 
reflectance of different colors of light carrying the 
source information . 

25 Additional objects and advantages of the 

present invention will be apparent from the following 
detailed description of a preferred embodiment 
thereof, which proceeds with reference to the 
accompanying drawings. 

30 Brief Description of the Drawings 

Fig. 1 is a diagram of an optical display 
system of the present invention installed as a head-up 
display in an automobile. 

Fig. 2 is a plan view of the automobile 

3 5 windshield of Fig. l showing the observer's 

operational field of view of the outside world scene 
and the observer's display field of view of the source 



= NSOOCID: <WO 8903059A2J_> 



WO 89/03059 



PCT/US88/03226 



7 



information . 

Figs, 3 A and 3B are fragmentary cross 
sectional views taken along lines 3 — 3 of Fig. 2 
showing the source information light reflecting 
5 surfaces of, respectively, reflection nonenhanced and 

reflection enhanced automobile windshields. 

Fig. 4 is a graph showing the light 
reflection characteristics of a single glass 
windshield surface as a function of different angles 
10 of incident light. 

Fig. 5 is a plan view with portions cut away 
to show in the automobile of Fig. 1 the projection 
lens system and the information source mounted 
immediately below and forward of the upper surface of 
15 the dashboard. 

Fig. 6 shows from the observer's head 
centered position the alignment, of the instantaneous 
display field of view within the total display field 
of view of the head-up display system of Fig. 1. 
20 Figs. 7A - 7D show the instantaneous field 

of view of the head-up display system of Fig. 1 for, 
respectively, observer head positions 1.25 inches to • 
the left, l.o inch up, 1.25 inches to the right, and 
1.0 inch down relative to the head centered position 
25 of Fig. 6. 

Fig. 8 shows the positioning mechanism for 
the display surface of the liquid crystal display of 
Fig. 5. 

Fig. 9A is a block diagram of an electrical 
30 circuit for developing control signals for the 

positioning mechanism of Fig. 8. 

Fig. 9B shows a graphical representation of 
an exemplary function of image distance versus vehicle 
speed implemented in the circuit of Fig. 9A to 
35 determine the axial position of the positioning 
mechanism of Fig. 8. 

Fig. 10 is a schematic diagram taken along 
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lines 10 — 10 in Fig. 1 showing the optical components 
positioned at the output of the projection lens system 
to avert display surface damage resulting from entry 
of sunlight into the projection lens system of lens 
5 system of Fig. 5, 

Fig. 11 shows the orientation of the optical 
components depicted in Fig. 10. 

Fig. 12 is a diagram of the optical 
components of the projection lens system comprising a 

10 part of the head-up display system of Fig. 1. 

Detailed Description of Preferred Embodiment 
Fig. 1 is a diagram of an optical display 
system 10 installed as a head-up display system for an 
automobile 12 . Head-up display system 10 can be 

15 employed in other motor vehicles, such as, for 

example, trucks and boats. Head-up display system 10 
includes a motor vehicle windshield 14 that functions 
as a vision unit having reflective surfaces 16 through 
which an observer 13 situated inside the automobile 

2 0 can view an outside world scene. In the following 

description, observer 18 is the driver of the 
automobile. The present invention can be practiced 
with windshields of many design types, such as a 
trilayer windshield having two glass plies and a 

25 polycarbonate interlayer positioned between them, a 

bilayer windshield having a glass ply and an inner 
polycarbonate layer, a single glass ply windshield, an 
antilacerative windshield, and a combination 
windshield formed from glass and plastic. 

30 Reflective surfaces 16 reflect source 

information-carrying light rays in the form of image 
symbology appearing forward of automobile 12 in the 
driver's instantaneous display field of view 20 (shorn 
in vertical cross section in Fig. 1 and in horizontal 

35 cross section in Fig. 2). (Exemplary display 

symbology is shown in Fig. 6.) Reflective surfaces 16 
are the reflection nonenhanced inner and outer 
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surfaces of windshield 14 itself. Windshield 14 may 
also carry a reflection enhancement material of either 
the wavelength nonselective type such as an aluminium 
coating or the wavelength selective type such as a 
5 hologram or a multilayered dielectric coating, A 

reflection enhancement material can be applied on a 
surface of or embedded within windshield 14 . Other 
suitable reflection enhancement materials could 
include an indium tin oxide coating used in a heatable 
10 windshield and a light and heat reflective coating 

used on certain windshields." 

With reference to Figs. 1 and 5, the source 
information-carrying light rays emanate from an 
information source 22 to a projection lens system 24, 
15 both of which are mounted beneath the top surface 2 6 

of the automobile dashboard 28. Information source 22 
includes a light source 3 0 and a liquid crystal 
display 32 separated by light pipe 34. Information 
source 22 and projection lens system 24 are mounted 
2 0 behind the engine compartment firewall 3 6 but outside 

the passenger compartment 3 8 to protect liquid crystal 
display 32 from the heat generated by light source 30, 
The source information-carrying light rays propagate 
from liquid crystal display 3 2 and emerge from 
25 output 40 of projection lens system 24 through an 

opening 42 in top surface 26 of dashboard 28 for 
reflection off reflective surfaces 16 toward driver 
18. 

Driver 18 views the outside world scene 
30 within a normal operational field of view 44 (shown in 

vertical cross section in Fig. 1 and in horizontal 
cross section in Fig. 2) , which is positioned above 
and is substantially nonoverlapping of display field 
of view 20. Display field of view 20 describes a 
*5 maximum angle of about 12° in the vertical plane 

between lines 46 and 48, line 46 describing an angle 
50 of about 5° relative to the horizon line 52. 
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Operational field of view 44 describes an angle of 
about 15° in the vertical plane between lines 54 and 
46, line 54 describing an angle 56 of about 10° 
relative to horizon line 52. Each of the lines 46, 
5 48, 52, and 54 is drawn from point 58, which is the 

center of a vehicle eye ellipse 59. The eye ellipse 
59 for a vehicle is that nominal spatial envelope for 
safe operation of the vehicle. These lines intersect 
windshield 14 to define the vertical dimensions of the 

10 fields of view 20 and 44 on windshield 14, as 

described in greater detail below. 

Fig. 2 is a plan view of windshield 14 
showing the position of windshield 14 used for the 
driver's operational field of view 44 of the outside 

15 world scene and the position of windshield 14 through 

which driver 18 views the total display field of view 
2 0 of the source information. With reference to Figs. 
1 and 2, operational field of view 44 defines the 
normal region of space driver 18 views the real world 

2 0 from the head centered position while operating 

automobile 12. The head centered position is the 
orientation of the driver's head when both eyes are 
symmetrically positioned about point 58. Display 
field of view 2 0 defines an area on windshield 14 
'25 through which driver 18 views the display. The top 

side margin of display field of view 2 0 is angularly 
displaced from the driver's direct line of sight by 
angle 50. Fig. 2 shows the display image symbology 60 
(rotated into the plane of the figure for purposes of 

3 0 clarity) appearing at a distance forward of driver 18 

and beyond reflective surfaces 16. The intersection 
of display field of view 2 0 with windshield 14 has a 
vertical dimension 120 and a horizontal dimension 122. 
The intersection of operational field of view 44 with 
35 windshield 14 has a vertical dimension 124 and a 

horizontal dimension 12 6. 

Figs. 3 A and 3B are fragmentary cross 



BNSOOCID: <WO 8903059A2.I_> 



WO S9/03059 



11 



PCT/US8S/03226 



sectional side views showing the reflective surfaces 
16 of, respectively, a reflection nonenhanced and 
reflection enhanced windshield 14. With reference to 
Fig- 3A, a windshield 14 made of glass has an inner 
5 major surface 62 and an outer major surface 64 that 

form air-glass boundaries* An exemplary light ray 66 
propagating from projection lens system 24 (Fig. 1) 
strikes inner surface 62 and decomposes into a 
transmission component 68 c of greater intensity and a 

10 reflection component 68 r of lesser intensity. 

Transmission component 68 c propagates through 
windshield 14 and strikes the air-glass interface 
formed by outer surface 64. Light component 68 c 
decomposes into a transmission component 70 t of 

15 greater intensity and a reflection component 70 r of 

lesser intensity, the transmission component 
propagating through the air and unnoticed by driver 
18, and the reflection component 7 0 r propagating back 
through windshield 14 toward the air-glass interface 

20 of inner surface 62. 

Reflection component 70 r strikes inner 
surface 62 and decomposes into a reflection component 
72 r of lesser intensity that propagates back through 
windshield 14 and a transmission component 72 c of 

25 greater intensity that propagates toward driver 18 

after refraction at inner surface 62. The intensity 
of reflection component 72 r is of insignificant 
amount. The total intensity "R" representing the sum 
of reflection component 68 r and transmission component 

3 0 72 e is of a sufficient amount to provide driver 18 

with source information of high brightness. 

With reference to Fig. 3B, windshield 14 
includes a reflection enhancement element 78, which 
can be, for example, a wavelength selective element 

35 such as a hologram or a wavelength nonselective 

element such as a metallic coating. Reflection 
enhancement element 78 intercepts light component 68. 
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and reflects a substantial portion of it as light 
component 68 c78 . The remaining light energy in 
transmission component 68 c strikes outer surface 64, 
propagates back through windshield 14 , and strikes 
5 reflection enhancement element 78* The reflection 

component 7 0 r propagating through reflection 
enhancement element 78 of Fig. 3B is of substantially- 
less intensity than that of reflection component 70 r 
propagating only through the glass of Fig. 3 A. The 

10 total intensity "R" representing the sum of reflection 

components 68 r and 68 r73 and transmission component 72 t 
is about 50% greater than the total intensity "R" of 
the windshield of Fig. 3A. It will be appreciated 
that the intensities of unused light components 70 c 

15 and 72 c of Fig. 3B are substantially less than those 

of Fig. 3A. 

Fig. 4 is a graph showing the reflection 
characteristics of a single glass surface as a 
function of the angle of incidence 0 In Fig. 4, 

2 0 the single surface corresponds to inner surface 62 of 

Figs. 3 A and 3B; and the curves Rj_ and R u represent 
the electric field components perpendicular and 
parallel F respectively, to the light wavefront plane 
of incidence, which has an angle of incidence © 
25 relative to a local surface normal 76. 

Fig. 4 reveals that for the reflection 
nonenhanced windshield 14 of Fig. 3A having a 
refractive index n c = 1.5 and an angle of incidence 
Q L of about 68 9 , the average reflectance of a single 

3 0 surface is about 16% of incident light and the average 

reflectance of two surfaces is about 24%. This 
represents the superposition of 16% and 8% 
contributions of light components 68 c and 72 t , 
respectively. Fig. 4 reveals that the reflection 
3 5 enhanced windshield of Fig. 3B under the same 

conditions reflects about 33.4% of incident light. 
This represents the superposition of 16%, 15%, and 
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2-4% contributions of light components 68 r , 68 r7g/ and 
72 c , respectively. Angles of incidence 0. of such 
magnitudes are readily available with windshields 
inclined at relatively large slopes. Fig. 4 indicates 
5 that an angle of incidence©, of about 60° provides 

for two surfaces a reflectance of about 18%, which is 
about the minimum reflectance needed to provide 
acceptable display brightness. 

Fig. 5 is a top view of automobile 12 with a 
10 portion of dashboard 2 8 cut away to show the mounting 

of information source 22 and projection lens system 
24. with reference to Fig. 5, a preferred information 
source 2 2 includes a broad band multispectral light 
source 3 0 and a transmissive liquid crystal display 32 
15 but can be, for example, a cathode-ray tube or a light 

emitting diode display. Light source 3 0 and liquid 
crystal display 3 2 are separated by an internally 
reflecting tubular lig;ht pipe 34. Light source 30 is 
preferably a high intensity projection lamp, such as, 
20 for example, a type EYF 12 volt quartz lamp 

manufactured by General Electric Co. This lamp 
dissipates about 75 watts of heat at its maximum 
brightness. To increase the display contrast, light 
source 3 0 preferably includes a faceted dichroic 
25 reflector that directs the light of about 11,500 

center candlepower with a 14° beam spread along the 
length of light pipe 34 but allows the dissipation of 
heat in all directions. Liquid crystal display 32 
comprises a liquid crystal cell 80 (Fig. 8) of the 
3 0 twisted nematic type configured as a matrix of 

transmissive segments that cooperate with light 
polarizing filters to selectively transmit light to 
synthesize source information in the form of symbology 
60. The segments of liquid crystal cell 80 can be 
35 individually addressed for a high contrast display. 

Liquid crystal cell 80 can also be fabricated as an 
array of pixels to provide, for example a map display. 



WO 89/03059 



14 



PCT/US88/03226 



Display surface 82 (Fig. 3) is inclined at an angle 84 
of about 12° relative to the display system optic axis 
100 for reasons described below with reference to Fig. 5. 
Light pipe 3 4 facilitates the placement of 
5 light source 3 0 at a convenient location where heat 

generated by the light source can be dissipated away 
from liquid crystal display 32. Light pipe 34 could 
be constructed of a transparent plastic tube or rod 
having a reflective coating, but is preferably 

10 constructed of aluminum tubing that is designed to 

efficiently transfer light emitted from light source 
3 0 to liquid crystal display 32. The inner surface of 
light pipe 94 is preferably polished, nickel plated, 
or extruded such that "the surface finish is smooth and 

15 shiny, thereby maximizing light transmission. The use 

of aluminum promotes the efficient dissipation of heat 
generated by light source 30. 

Projection lens system 24 projects the 
source information appearing on display surface 82 of 

2 0 liquid crystal display 3 2 so that the source 

information reflected by windshield 14 appears to come 
from a distance forward of the vehicle. Projection 
lens system 24 includes muliple lens elements 
fabricated from either plastic or glass materials and 

25 has optical light directing properties that project 

source information forward of automobile 12 and 
compensate for optical aberrations resulting from the 
complex shape of windshield 14. The optical design of 
projection lens system 24 is further described below. 

30 Projection lens system 2 4 is composed of two 

sections joined at their ends to form a structure 
having a right angle bend, one section 102 extending 
parallel to the bottom side margin 104 of windshield 
14 and the other section 106 being oriented so that it 

3 5 ^ directs light carrying the source information up 

toward' reflective surfaces 16 of windshield 14. An 
internally mounted mirror folds the optic axis 100 of 
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projection lens system 24. The right angle bend 
allows projection lens system 24 to clear the steering 
column, but a suitable lens system could be designed 
with an unfolded optic axis. 
5 The use of wavelength selective coating in 

conjunction with thin film color transmission filters 
applied to the light incident surface 108 (Fig. 8) of 
liquid crystal cell 8 0 can be used to equalize the 
reflectance of different colors of light carrying the 
10 source information. This can be achieved using a 

windshield having reflective surfaces of the 
reflection nonenhanced and wavelength selective 
reflection enhanced types. 

For example, the preferred light source 30 
15 employed in the present invention emits spectral 

components of red and green light. The intensity of 
. the red light is greater than that of the green light. 
Providing a hologram 78 constructed to reflect the 
green light and using the inner and outer Surfaces to 
2 0 reflect most of the red light provides a multicolor 

display image in color components of perceptibly equal 
intensities. 

Fig. 6 shows the instantaneous display field 
of view 2 0 from the head centered position and the 
25 total display field of view 112 of head-up display 

system 10. With reference to Fig. 6, instantaneous 
display field of view 20 is that portion of the total 
system display field of view 112 visible from a fixed 
head position. Each cf the driver's eyes sees a 
30 different portion of instantaneous display field of 

view 20, the right eye seeing portion 114 and the left 
eye seeing a portion 116. The instantaneous dis- 
play field of view 20 is defined by the size of the 
exit aperture of projection lens system 24 and its 
35 position relative to reflective surfaces IS of 

windshield 14, and the distance between windshield 14 
and driver 18. Total display field of view 112 is 
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defined by the design of projection lens system 24. A 
different portion of total display field of view 112 
is visible instantaneously to driver 18 from different 
vertical head positions. Liquid crystal display 32 is 
5 adjustable so that display symbology 60 can be 

centered within the vertical limits of vehicle eye 
ellipse 59 (Figs. 1 and 2) . 

Fig. 6 shows that the design of head-up 
display system 10 makes visible all of the source 
_ 10 information from the head centered position. Head-up 

display system 10 provides an instantaneous display 
field of view 2 0 from any head position within an eye 
ellipse 59. Display field of view 20 has a vertical 
angular substense 117 of about 6.75° and a horizontal 

15 angular substence 119 of about 10.75°. The dimensions 

of symbology 60 are scaled so that all of the source 
information can be visible from any fixed head 
position within the limits of eye ellipse 59, as 
described below in greater detail. The total display 

20 field of view 112 with head motion has a vertical 

angular substence 128 of about 12° and a horizontal 
angular substence 129 of about 14.75°. 

Figs. 7 A - 7D show the instantaneous display 
fields of view from a variety of head positions. For 

25 purposes of clarity, the area occupied by symbology 60 

has been shown in broken outline and Fig. 6 has been 
redrawn to provide the head center position as a 
reference against which instantaneous fields of view 
postions of Fig. 7 A - 7D can be compared. Figs. 7A 

3 0 and 7C show that all of the display is visible to the 

observer with about 7.5 cm of horizontal head motion. 
Figs. 7B and 7D show that portions of the source 
information could be lost to the observer if display 
surface 96 of liquid crystal display 3 2 were not 

35 adjustable. Horizontal adjustments of display surface 

8 2 permit the display of source information to be 
centered from any vertical head position within the 
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eye ellipse. Operators of many different heights can, 
therefore, adjust the display for easy viewing. 

Fig. S shows a positioning mechanism 130 for 
positioning display surface 82 of liquid crystal 
5 display 32 in the horizontal and axial directions. 

With reference to Fig. 8, positioning mechanism 13 0 
comprises a pair of motor-driven micrometers 13 2 and 
13 4 of similar design that are components of a 
horizontal translation stage 13 6 and an axial 

10 translation stage 138 , respectively. Horizontal 

translation stage 13 6 includes a support bracket 140 
that is secured to a plate 142 positioned across the 
input end 144 of projection lens system 24. Plate 142 
has three bushings 14 6 (only two shown) through which 

15 parallel rods 148 of fixed length pass. Rods 148 are 

positioned at and extend outwardly of input end 144 of 
projection lens 24 so that plate 142 can slidably move 
in the direction of optic axis 100 , as will be 
described below. 

2 0 Plate 142 has a rectangular aperture 150 

across which Liquid crystal display 32 is slidably 
mounted for horizontal movement along a pair of 
parallel U-shaped guide members 152 secured to plate 
142. Micrometer 132 includes a tubular body 154 that 
25 houses an extensible rod 156 whose free end is secured 

to liquid crystal display 32. Extensible rod 156 
moves in either direction along the length of tubular 
body 154 in response to a first electrical control 
signal, which can be manually applied by driver 18 

3 0 situated in automobile 12. Moving extensible rod 156 

changes the position of display surface 82 of liquid 
crystal display 32 in a direction transverse of optic 
axis 100. This has the effect of changing the 
vertical position of the source information display to 
35 driver 18. ■ The reascn that horizontal movement of 

liquid crystal display 32 changes the vertical 
position of the source information display is- that 
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projection lens system 24 is configured to fold optic 
axis 100 and thereby change the propagation direction 
of light passing through it. The ability to change 
the vertical position of the source information 
5 facilitates viewing by drivers of different heights. 

Axial translation stage 138 includes a 
support bracket 158 that is secured to the body of 
automobile 12. Micrometer 134 includes a tubular body 
160 that houses an extensible rod 162 whose free end 

10 is secured to plate 142 and which moves in a direction 

generally parallel to optic axis 100 in response to a 
second electrical control signal. Moving extensible 
rod 162 changes the distance between display surface 
8 2 and input end 144 of projection lens system 24. 

15 This has the effect of changing the distance between 

the image of the display information 60 and driver 18. 
The ability tcr change this distance promotes safe 
operation of automobile 12 by allowing driver 18 to 
focus his eyes on the displayed image at a distance to 

2 0 which driver 18 would be normally directing his 

attention during high speed operation of automobile 
12. This distance would normally be the distance 
between automobile 12 and the vehicle in front of it. 
Driver 18 would not, therefore, need to take the time 
25 to refocus his eyes under conditions in which driver 

18 has less time to react to changes in driving 
conditions and situations. 

Fig. 9A is a block diagram of an electrical 
circuit 164 for developing the first and second 

3 0 electrical control signals delivered to positioning 

mechanism 13 0 to adjust the position of liquid crystal 
display 32. With reference to Fig. 9A, driver 18 
manually produces the first control signal by 
operating a two-pole double-throw switch 166 to 
3 5 position the display information vertically. The 

poles of switch 166 are connected to different ones of 
voltages of magnitudes +V and -V. Driver 13 
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selectively changes the position of a movable contact 
168 of switch 166 to make electrical contact with one 
of the poles and thereby selectively provide either +v 
or -V to the input conductor of a drive amplifier 170. 
5 Drive amplifier 170 provides on its output conductor 

172 an electrical current of sufficient magnitude to 
drive motor-driven micrometer 13 2. The polarity of 
the voltage applied to drive amplifier 170 determines 
the direction of drive current flow, thereby 

10 controlling the direction of movement of extensible 

rod 156 and the vertical position of the source 
information 60 displayed to driver 18. To maintain 
the display information in the desired vertical 
position, driver 18 removes his hand from switch 166 

15 so that no voltage is applied to drive amplifier 170 

to keep extensible rod 156 of micrometer 132 
stationary . 

The image distance is automatically derived 
from the speed of automobile 12. A speedometer 174 

2 0 develops a variable frequency output signal that is 

delivered on a conductor 176 to the input of a 
frequency-to-digital converter 178. A parallel, 
digital word representing the speed of automobile 12 
appears on the outputs of analog-to-digital converter 
25 173 and is delivered on conductors 180 to the address 

inputs of a read only memory 182. Read only memory 
18 2 is a look-up table preprogrammed to include 
digital words representing image distances to which 
different vehicle speeds correspond. The appropriate 

3 0 digital word is delivered on a conductor 184 to the 

input of a digital-to-analog converter 136, which 
converts the digital word to an analog signal voltage. 
A sealer-drive amplifier 138 receives on a conductor 
190 the analog signal voltage present on the output of 
35 digital-to-analog converter 186 and conditions it to 

deliver on a conductor 192 a signal of the proper 
magnitude and polarity to move extensible rod 162 of 
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micrometer 13 4 to the proper position. To keep the 
image distance fixed, no voltage signal is applied to 
micrometer 13 4 until the vehicle speed changes. 

Fig. 9B shows an exemplary curve 194 from 
5 which the digital words inscribed in read only memory 

182 can be derived. Curve 194 shows that the image 
distance from driver 18 remains constant at about 6 
meters for vehicle speeds of less than about 50 km/hr. 
The image distance increases asymptotically toward 

10 infinity as the vehicle speed increases to about 100 

km/hr. Of course, other image distance profiles as a 
function of vehicle speed can be inscribed into read 
only memory 182. 

Fig. 10 is a schematic diagram of the 

15 optical components that cooperate with projection lens 

system 24 and liquid crystal display 32 to present the 
source information to driver 18 and to prevent damage 
to display surface 3 2 resulting from the entry of 
sunlight into the output end 40 of projection lens 

20 system 24. Projection lens system 24 is rotated to 

the plane of Fig. 10 to show the optical components 
positioned adjacent output end 40. With reference to 
Fig. 10 , sunlight of sufficient intensity entering 
output end 40 of projection lens system 2 4 converges 

25 to and can cause melting of a small region of display 

surface 82 of liquid crystal cell 80. Display surface 
82 can withstand a burn threshold density of about 500 
W/in 2 , but the focal power of a preferred projection 
lens system 24 can provide a sunlight power density of 

30 as much as about 2500 W/in 2 at the region. 

It is known that imparting circular 
polarization to sunlight entering the output end of a 
lens system can reduce the intensity of the sunlight 
as it propagates through the lens 'system. Moreover, a 

35 circular polarizer reduces the intensity of sunlight 

reflected from the surfaces of lens elements 258, 260, 
262 , and 264 and visible to driver IS. A circular 
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polarizer 202 that comprises a neutral density linear 
polarizing filter 204 and a quarter-wave plate 206 
positioned as shown in Fig. 10 accomplish this task 
for projection lens system 24 • Further rejection of 
5 incoming sunlight is accomplished by the inclusion of 

an infrared light rejection filter 208, which 
eliminates the infrared spectral components of 
incident light and thereby reduces the quantity of 
sunlight entering projection lens system 24. 
10 Rejection filter 208 is most effective in the position 

immediately adjacent output end 4 0 of projection lens 
system 24. 

A quarter-wave plate 210 is positioned to 
receive but has no material effect on the randomly 

15 polarized incident sunlight as it strikes polarizing 

filter 204, The function of quarter-wave plate 210 is 
described below with reference to Fig. 11. A neutral 
density linear polarizing filter 212 positioned to 
receive the light propagating from light source 30 

20 (Fig. 5) and exiting light pipe 34 linearly polarizes 

the light that illuminates liquid crystal display 32. 

Liquid crystal display 3 2 , which includes 
liquid crystal cell 8 0 preferably of the twisted 
nematic type, changes the polarization direction of 

25 the light passing through it in response to a voltage 

signal applied to each one of the display segments. 
Polarizing filter 204 functions as an analyzer for 
liquid crystal display 32. A quarter-wave plate 214 
positioned between input end 144 of projection lens 

30 system 24 and liquid crystal display 32 imparts 

circular polarization to light exiting liquid crystal 
display 32 for the reasons state below with reference 
to Fig. 11. 

Fig. 11 is a diagram showing the arrangement 
35 and orientations of the optical components depicted in 

Fig. 10. (For purposes of clarity, projection lens 
system 24 is represented in Fig. 11 as a single lens 
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element* ) The optical components are selected and 
arranged so that greatly attenuated circularly 
polarized sunlight strikes display surface 82 of 
liquid crystal display 32 and source information 
5 carried by circularly polarized light of maximum 

intensity exits quarter-wave plate 210 for display to 
driver 18 . 

With reference to Figs. 10 and 11 , randomly 
polarized sunlight propagating from left to right in 

10 Fig. 11 along optic axis 100 passes through quarter- 

wave plate 210 and strikes polarizing filter 204. The 
absorption axis 216 of polarizing filter 2 04 absorbs 
about 50% of the randomly polarized incident sunlight 
energy. Transmission axis 218 of polarizing filter 

15 204 transmits horizontally polarized sunlight to 

quarter-wave plate 206, whose optic axis 220 is 
inclined at a 45° angle relative to polarization axes 
216 and 218 of polarizing filter 204 to transmit left- 
circularly polariz'ed sunlight to rejection filter 208. 

2 0 Circularly polarized sunlight emerges from quarter- 

wave plate 2 06 and rejection filter 2 08 and enters 
output end 40 of projection lens system 24. The 
intensity of the sunlight entering projection lens 
system 24 is substantially reduced by reason of the 
25 insertion losses of infrared rejection filter 208, 

polarizing filter 204, and quarter-wave plates 206 and 
210, together with the operation of rejection filter 
208 and absorption axis 218 of polarizing filter 204. 
The resulting reduction in sunlight intensity in 

3 0 conjunction with the introduction of circular 

polarization reduces the sunlight power density on 
display surface 8 2 of liquid crystal display 3 2 below 
the 500 W/in. 2 burn threshold. 

The randomly polarized light emanating from 
35 light source 30 (Fig. 5) and propagating from right to 
left in Fig. 11 along optic axis 100 strikes 
polarizing filter 212- The absorption axis 222 of 
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polarizing filter 212 absorbs about 50% of the 
randomly polarized incident light energy. 
Transmission axis 224 of polarizing filter 212 
transmits horizontally polarized light to liquid 
5 crystal display 32, whose optic axis 226 is inclined 

at an angle with respect to polarization axes 222 and 
224 of polarizing filter 212 to transmit either 
vertically or horizontally polarized light in response 
to the voltage signals applied to the segments of 

10 liquid crystal display 32. The light exiting display 

surface 82 of liquid crystal display 32 strikes 
quarter-wave plate 214, whose optic axis 228 is 
inclined at a 45° angle relative to the polarization 
directions of light exiting liquid crystal display 32 

15 to provide circularly polarized light to input end 144 

of projection lens system 24. 

Since optic axes 220 and 228 of the 
respective quarter-wave plates 2 06 and 214 are 
orthogonally aligned, there is zero net retardation 

20 imparted by them to light exiting display surface 82 

of liquid crystal display 32. Only horizontally 
polarized light propagates through polarization axis 
218 of polarizing filter 204, which functions as an 
analyzer, as was stated above. The optic axis 230 of 

25 quarter-wave plate 210 is inclined at a 45° angle 

relative to polarization axes 216 and 218 of 
polarizing filter 204 to provide lef t-circularly 
polarized light to reflective surfaces 16 of 
windshield 14 (Fig. 1) . The circularly polarized 

30 light ensures that driver 18 wearing polarized 

sunglasses will see the display source information. 

It will be appreciated that the use of 
quarter-wave plates 206 and 214 promote the maximum 
transmissivity of light propagating from liquid 

35 crystal display 32 because polarizing filter 204 

either completely absorbs or completely transmits the 
linearly polarized light incident to it. Moreover, 
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since circularly polarized light propagates through 
lens system 24, the set of optical components 204, 
2 06, and 210 and the set of the optical components 80, 
212, and 214 can be angularly displaced relative to 
5 each other (i.e., rotated) about optic axis 100 

without changing the transmissivity of either the 
sunlight or the light carrying the source information. 

Antiref lection coatings are applied to all 
of the exposed surfaces of the lens elements of 

10__ projection lens system 24 to maximize light 

transmission through it. The use of a wavelength 
selective reflection enhancement material in 
windshield 14 would also reduce the amount of sunlight 
entering projection lens system 24 • 

;i5 Fig. 12 is a diagram of the optical 

components of projection lens system 24. With 
reference to Fig. 12 r projection lens system 24 
projects a virtual image of display information into 
the driver's field of view by reflecting off 

20 reflective surfaces 16 the light emanating from 

display surface 32. Reflective surfaces 16 of 
windshield 14 are curved with an asymmetrical shape in 
the portion of windshield 14 intended for use; 
therefore, projection lens system 2 4 is designed to 

25 compensate for nonsymmetric image aberrations caused 

by the shape of windshield 14 . A special aspheric 
surface is used in the design of projection lens 
system 24 to correct the nonsymmetric aberrations and 
distortion introduced. The preferred projection lens 

3 0 system 2 4 may be designed to employ either glass or 

plastic elements . 

The design uses four elements, three of 
which are of conventional rotationally symmetric types 
with spherical surfaces , and one plano-convex element 

35 in which the convex surface is of special aspheric 

shape. Fig. 12 shows the general layout of projection 
lens system 24 in two lens "doublet" groups and an 
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internal fold mirror. The first element positioned 
nearest the windshield is rotated about optic axis 
100, and its cross sectional projection is shown in 
Fig. 12. 

5 The spectral range for projection lens 

system 24 includes visible light ranging from between 
490 and 620 nanometers. This range of wavelengths 
requires that color correction be controlled and 
checked. The instantaneous field of view is 

10 determined by the distance away and size of the exit 
aperature with respect to the design eye, i.e., the 
center of ellipse 59, of head-up display system 10. 
Fixing the above parameters with respect to each other 
establishes the maximum instantaneous field of view. 

15 The total field of view depends on the allowed 

excursion of the driver's head, the size of display 
surface 82, and the focal length of projection lens 
system 24. The image presented to driver 18 is 
preferably not positioned at infinity. 

2 0 The design of a lens system that compensates 

for the curvature of windshield 14 requires that the 
windshield curvature itself be characterized. This is 
accomplished by obtaining windshield sag data either 
by emperical measurements or from the windshield 

25 manufacturer's design specifications. Table I 

presents windshield sag data for an exemplary 
windshield. The windshield sag data was measured 
relative to a best fit plane and the compound angle of 
the windshield relative to an orthogonal coordinate 

30 system centered at eye ellipse 59 of head-up display 

10. The angle of the best fit plane is characterized 
by a horizontal tilt angle equal to 2.712° and a 
vertical tilt angle equal to 68.325°. The X and Y 
coordinates are measured with respect to the center of 
35 region 20 on windshield 14. 
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TABLE Z 
WINDSHIELD SAG DATA 

Position X Coordinate Y Coordinate Measured Sac Computed Saa 



1 


2.9881 


2.9955 


0.1235 


0. 1235 


2 


3 . 0002 


1.4804 


0.1180 


0. 1184 


3 


3.0045 


-0.0172 


0.1121 


0.1122 


4 


3 . 0030 


-1.5071 


0.1048 


0.1041 


5 


3.0070 


-3.0157 


0.0931 


0.0531 


6 


1.5060 


2.9982 


0.1495 


0.1457 


7 


1.4988 


1.4963 


0.1452 


0.1451 


S 


1.4958 


• -0.0133 


0.1392 


0. 1352 


5 


1.5079 


-1.5032 


0.1316 


0. 1315 


10 


1.4977 


-3.0085 


0.1215 


0.1214 


11 


-0. 0053 


2.9991 


0.1597 


0. * * cc 


12 


-0. 0086 


1.4949 


0.1552 


0.1551 


13 


0. 0 


0.0 


0. 1493 


0. 1453 


14 


-0. 0079 


-1. 1508 


0.1419 


0. 1412 


15 


-0. 0043 


-3.0129 


0. 1318 


0.1315 


16 


-1. 5044 


2.9952 


0.1517 


0. 1512 


17 


-1.5016 


1.4917 


0.1467 


0. 1462 


IS 


-1.5041 


-0. 0122 


0.1404 


0. 14C2 


15 


-1.5021 


-1.5091 


0.1330 


0. 1325 


20 


-1. 4947 


-3 .0199 


0.1230 


0. 1221 


21 


-3 . 0045 


2.9938 


0.1224 


0. 1224 


22 


-3 . 0079 


2.4933 


0. 1169 


C. 116= 


23 


-3 . 0034 


-0.0140 


0.1103 


0. 1104 


^ * 


-2.9927 


-1.5163 


0. 1029 


0. 1020 


25 


-2 . 9686 


-3.0098 


0. 0934 


0. 09 3 4 
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The data presented in Table I was fit to the 
following two dimensional third order rotationally 
nonsymmetric polynomial: 

Sag = A + BX + CY + EX 2 + FXY + 
5 GY 2 + HX 3 + IX 2 Y + JXY 2 + KY 3 , 

where A = 1.49321 x 1CT 1 , B = -5.64422 x 10"*, C = 
4.32024 X lCr\ E = -4.20469 X 10' 3 , F = 1.27263 X 10* 5 , 
G = -3.31329 X 10~ u , H = 9.62663 X 10" 5 , I = 3.35038 X 
10" 5 , J = -2.46865 X 10" 5 , K « 3.48652 X 10* 5 . This 

10 polynomial form constitutes the complex windshield 

curvature definition used by the optical designer and 
closely matches the measured data, as indicated in 
Table I.. The above equation represents "Asphere (1)" 
in Table II below. 

15 Projection lens system 24 compensates for 

aberrations arising in head-up display 10.' Projection 
lens system 24 includes four lens elements arranged in 
a first "field f lattener" - group 250 of two elements 
positioned near liquid crystal display 32 and a second 

20 or "exit" group 252 of two elements positioned near 

exit aperture 254 at output end 40. Projection lens 
system 24 is folded inboard clear of the steering 
column (not shown) of automobile 12. An internal fold 
mirror 256 folds optic axis 100 in the region between 
"25 the two groups of lens elements. 

The field flattener group 250 includes a 
strong positive lens element 2 58 cemented to a 
negative element 260. The exit group 252 includes a 
wedged rotationally nonsymmetric anamorphic asphere 

30 262 and a negative meniscus lens element 264 for color 

correction. Lens exit aperture 254 (Fig. 10) , which 
determines the field of view characteristics of head- 
up display 10 is 5 in. in diameter truncated to a 4 
in. by 4 in. square, which provides a field of view of 

35 rectangular format. The use of lens "doublets" 

provides color correction. The use of asphere 262 in 
projection lens 24 introduces asymmetry into 
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projection lens system 24 that causes its focal plane 
to tilt. The tilt angle 84 of about 12° for display 
surface 82 on which the source information image 
appears corrects for the asymmetry in projection lens 
5 system 24. 

Projection lens system 24 is adaptable for 
use with a great number of windshields of vehicles of 
different types and body styles by substituting into 
exit group 252 an aspheric element 2 62 characterized 

10 by the proper windshield sag properties and adjusting 

the tilt angle 84 of display surface 82. The 
remaining lens elements 258, 260, and 264 and fold 
mirror 256 can be kept constant. This can be done 
because asphere 262 compensates for the nonsymmetric 

15 or "aspheric" aberrations introduced by the particular 

windshield, and lens elements 258, 2 60, and 2 64 
correct for spherical and skew ray astigmatism and 
coma aberrations introduced by the optical system 
geometry of head-up display 10. 

20 Tables II and III set forth the fabrication 

data for pro jection . lens system 24. 

With reference to Tables II and III, the 
surfaces a-p correspond in general to lettered 
surfaces in Fig. 12, where "a" corresponds to the 

25 image driver 18 sees and surface "p" corresponds to 

display surface 84 of liquid crystal display 32. In 
each instance, the radius of the surface is given and 
the shape of each surface is spherical except for 
surfaces a, h, and p which are flat, and surfaces d, 

30 e, f , and g which are aspheric and relate to 

windshield 14 and asphere 262. 

A positive radius indicates the center of 
curvature is to the right or down in Fig. 12, and a 
negative radius indicates the center of curvature is 

35 to ^e left or up in Fig. 2. Dimensions are given in 

inches, and the thickness is the axial distance to the 
next surface. 
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TABLE XI 
LENS FABRICATION DATA 



Surface 
a (image) 

b (design eye) 

c (pupil) 



d Aspheric 
windshield 

e 



Surface Description 
Radius 

infinite 



1 
j 



Decenter (1) 
Asphere (1) 

Asphere (1) 
Asphere (1) 
Reverse Decenter 
Decenter (3) 

Decenter (4) 
Asphere (2) 
Return (4) 
Decenter (5) 
infinite 
Return (5) 
-4 .3650 
-3.0260 



Thickness or 
Separation 

■120 o (distance from 

image to design eye) 

17 c (distance from 

design eye to pupil) 

11#5 (distance from pupij 
to windshield) 



0.09 

-0.09 
-5.6 

(2) 

-0.0290 
-1.1064 



-0. 0441 



•0. 350 

(distance from 
-2.4 50 surface j to optic 
axis fold point) 
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Surface 



k (optic axis 
fold point} 



1 
m 
n 
o 

p (ir.age) 



Surface Description 
Radius 



-2-5590 

6.1400 

6. 140 
-3.497 

Decenter (6) 
infinite 



Thickness or 
Separation 



-2.160 (distance frbr. 

optic axis fold 



point to surface jj 



-2.2767 

0.00 
-0.750 
-1.2414 
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Aspheric surfaces d, e, and f are described 
by the three dimensional third order of polynomials 
set forth above for the sag, and the aspheric surface 
g for asphere 2 62 is characterized by the following 
5 expression: 

[(CX)X 2 + (CY)Y 2 ]/[1 + (1-(1+KX) (CX) 2 X 2 - 
(1+KY) (CY) 2 y2)^ + A R((1-AP)X 2 + (1+AP)Y 2 ) 2 + BR( (1- 
BP)X 2 + (l+BPJY 2 ) 3 + CR((1-CP)X 2 + (1+CP)Y 2 ) 4 + DR ((1- 
DP)X 2 + (1+DP) Y 2 ) 5 ] , " 

10 where CY = -0,19363896, KY = 0.018526, CX = 

-0,19652239, KX = -0*017610, AR « 4 . 90202X10* 7 , BR = 
-7.65670X10" 6 , CR = 2 . 95474X10' 7 , DR * 4 . 58 69 OxlO" 9 , 
AP = -12.1100, BP = 0.115192, CP = 0.0738795, DP = 
0.0471630. The above equation represents "Asphere 

15 (2)" in Table II. 

A decenter defines a new coordinate system 
(displaced and/or rotated) in which subsequent 
surfaces are defined/ Surfaces in Table II following 
a decenter are aligned on the local mechanical axis 

2 0 (Z-axis) of the new coordinate system* The new 

mechanical axis remains in use until changed by 
another decenter. The order in which displacements 
and tilts are applied on a given surface is specified 
using different decenter types and generate different 
25 new coordinate systems. Decenters used in the design 

of projection lens system 2 4 are explained in Table 
III. The parameters o< , , and X , are in 
degrees . 

It will be obvious to those having skill in 

3 0 the art that many changes may be made in the above- 

described details of the preferred embodiment of the 
present invention without departing from the 
underlying principles thereof. For example, 
additional reflection enhancement may be achieved by 
35 using multiple holograms that reflect different 

wavelengths of light. The scope of the present 
invention should be determined, therefore, only by the 
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Claims 

1. An optical display system for presenting 

visual information to an observer, comprising: 
5 a vision unit through which tiie observer can 

view an outside world scene, the vision unit having a 

reflective aspheric surface; 

information source means for providing 

source information carried by light propagating along 
10 an optical path for reflection by the reflective 

surface of the vision unit for display to the 

observer; and 

projection lens means positioned along the 

optical path between the reflective surface and the 
15 information source means for .compensating for 

aberrations caused by the reflective aspheric surface 

of the vision unit so that the light reflected by it 

is of substantially aberration-free character for 

viewing by the observer. 
20 2. The system of claim 1 in which the 

reflective surface comprises a major surface of a 

vehicle windshield which major surface is positioned 

adjacent the observer, 

3. -The system of claim 1 in which the 
25 information source means comprises a transmissive 

liquid crystal display. 

4. The system of claim 3 in which the 
liquid crystal display provides source information in 
different colors. 

30 5. The system of claim 1 in which the 

information source means comprises a broad band 
multispectral light source and a liquid crystal 
display that produces multicolored images, the liquid 
crystal display including a transmissive liquid 

3 5 crystal device that is illuminated by the broad band 

multispectral light source. 

6. The system of claim 1 in which the 
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reflective aspheric surface has different curvatures 
in different sections lying in mutually orthogonal 
planes. 

7. The system of claim 1 in which the 
5 projection lens means comprises a projection lens 

system that is formed from plastic lens components, 

8. The system of claim 1 in which the 
projection lens system is of a rotationally 
nonsymmetric type. 

10 9. The system of claim 1 in which the 

information source means comprises a light source and 
a light modulator and which further comprises an 
internally reflecting tubular member positioned to 
transfer the light propagating from the light source 

15 to the light modulator, 

10, The system of claim 9 in which the 
light modulator comprises a' liquid crystal display. 

11. A head-up display system for a vehicle, 
comprising: 

2 0 a vision unit having a reflective surface 

through which an observer situated inside the vehicle 

can view an outside world scene; 

information source means for providing 

source information carried by light propagating along 
25 an optical path for reflection by the reflective 

surface of the vision unit for display to the 

observer; and 

positioning means operatively connected to 

the information source means for selectively 
30 positioning the information source means at different 

locations in a direction transverse to the optical 

path so that the observer can view the source 

information from different head positions within the 

vehicle. 

35 12. The system of claim 11 which further 

comprises a projection lens system positioned along 
the optical path between the reflective surface of the 
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vision unit and the information source means and 
having optical light-directing properties for 
compensating for aberrations caused by the reflective 
surface of the vision unit so that the light reflected 
5 by it is of substantially aberration-free character 

for viewing by an observer. 

13. The system of claim 12 in which the 
vision unit has a primary operational field of view 
within which the observer views the outside world 

10 scene and in which the information source means and 

the projection lens system cooperate to reflect the 
source information off the reflective surface of the 
vision unit within a region generally located outside 
the primary operational field of view. 

15 14. The system of claim 11 in which the 

vehicle includes a dashboard having a top surface 
beneath which the information source means is mounted 
and in which the vision unit comprises a windshield 
having a major surface bounded by a lower side 

20 margins, the top surface of the dashboard being 

positioned proximal to the lower side margin of the 
windshield and having an opening through which. light 
carrying the source information propagates to strike 
the major surface of the windshield. 

25 15. The system of claim 11 which further 

comprises a projection lens system that conditions the 
light carrying the source information so that the 
source information reflected by the vision unit 
appears to come from a finite distance forward of the, 

30 vision unit and the observer. 

16.. The system of claim 15 in which the 
finite distance ranges from between about two and ten 
meters forward of the observer. 

17. The system of claim 15 in which the 

35 projection lens system is of a rotationally 

nonsymmetric type. 

13. The system of claim 17 in which the 
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projection lens system is formed from plastic lens 
components . 

19 . The system of claim 12 in which the 
projection lens system is of a rotationally 

5 nonsymmetric type. 

20. The system of claim 19 in which the 
projection lens system is formed from plastic lens 
components . 

21. The system of claim 11 in which the 
10 reflective surface of the vision unit has different 

curvatures in different sections lying in mutually 
orthogonal planes . 

22. A head-up display system for a vehicle, 
comprising: 

15 a vision unit through which an observer 

situated inside the vehicle can view an outside world 
scene, the vision unit having a reflective surface and 
a primary operational field of view within which the 
observer views the outside world scene, and the 

20 observer having an instantaneous field of view of 

source information presented by the display system, 
the instantaneous field of view being located 
generally outside the primary operational field of 
view and the source information being carried by light 

25 propagating along an optical path for reflection by 

the reflective surface of the vision unit for display 
to the observer; 

information source means having dimensions 
that are scaled for providing all of the source 

30 information within the instantaneous field of view; 

and 

projection lens means positioned along the 
optical path between the reflective surface of the 
vision unit and the information source means for 
35 projecting the light onto the reflective surface 

within a predetermined total field of view. 

23. The system of claim 22 in which the 
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instantaneous field of view is positioned below the 
primary operational field of view. 

24. The system of claim 22 in which the 
projection lens means has optical light-directing 

5 properties for compensating for aberrations caused by 

the reflective surface of the vision unit so that the 
light reflected by it is of substantially aberration- 
free character for viewing by an observer. 

25. The system of claim 22 which further 
0 comprises positioning means operatively connected to 

the information source means for selectively 
positioning the information source means at different 
locations in directions transverse to the optical path 
so that the observer can view the source information 
5 from different head positions within the vehicle. 

26. The system of claim 22 in which the 
reflective surface of the vision unit has different 
curvatures in different sections lying in mutually 
orthogonal planes. 

0 27. The system of claim 22 which further 

comprises positioning means operatively connected to 
the information source means for positioning the 
information source means in a direction along the 
optical path to a location that corresponds to the 

5 vehicle speed so that the projection lens means 

provides to the observer an image of the source 
information from a distance corresponding to the 
vehicle speed. 

28. The system of claim 22 in which the 
0 vision unit comprises plural reflection surfaces of 

the reflection nonenhanced type. 

29. A head-up display system for a vehicle, 
comprising: 

a vision unit having a reflective surface 
3 through which an observer situated inside the vehicle 

can view an outside world scene; 

information source means for providing 
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source information carried by light propagating along 
an optical path for reflection by the reflective 
surface of the vision unit for display to the 
observer? 

5 projection lens means positioned along the 

optical path between the reflective surface and the 
information source means for compensating for 
aberrations caused by the reflective surface of the 
vision unit so that the light reflected by it is of 

10 substantially aberration-free character for viewing by 

the observer; and 

positioning means operatively connected to 
the information source means for positioning the 
information source means in a direction along the 

15 optical path to a location that corresponds to the 

vehicle speed so that the projection lens means 
provides to the observer an image of the source 
information from a distance corresponding to the 
vehicle speed. 

20 30. The system of claim 29 which further 

comprises positioning means operatively connected to 
the information source means for selectively 
positioning the information source means at different 
locations in a direction transverse to the optical 

25 path so that the observer can view the source " 

information from different head positions within the 
vehicle. 

31. An optical display system for 
presenting visual information to an observer, 
30 comprising: 

a vision unit through which the observer can 
view an outside world scene, the vision unit having a 
reflective aspheric surface; 

information source means for providing 
35 source information carried by light propagating along 

an optical path for reflection by the reflective 
surface of the vision unit for display to the 
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observer; and 

projection lens means including first and 
second lens sections positioned along the optical path 
between the reflective surface and the information 
5 source means for compensating for aberrations caused 

by the reflective aspheric surface of the vision unit 
so that the light reflected by it is of substantially 
aberration-free character for viewing by the observer, 
the first lens section including an aspheric element 

10 having optical light directing properties that 

compensate for nonsymmetric aberrations introduced by 
the reflective aspheric surface of the vision unit and 
the second lens section including a rotationaily 
symmetric lens element having optical light directing 

15 properties that compensate for other optical 

aberrations present in the optical display system. 

32. The display system of claim 31 in which 
the projection lens means includes a fold mirror 
disposed between the first and second lens sections to 

2 0 change the direction of the optical path of light 

propagating between them. 

33. The display system of claim 31 in which 
the projection lens system develops an image of the 
display information at a distance of finite length. 

34. A head-up display system for a vehicle, 
comprising: 

a vision unit having a reflective surface 
through which an observer situated inside, the vehicle 
can view an outside world scene; 

information source means including a display 
surface for providing source information carried by 
light propagating along an optical path for reflection 
by the reflective surface of the vision unit for 
display to the observer; 

projection lens means having an input and an 
output and positioned along the optical path between 
the reflective surface of the vision unit and the 
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information source means for compensating for 
aberrations caused by the reflective surface; and 

display surface protecting means positioned 
between the display surface and the reflective surface 
5 for preventing display surface destruction caused by 

the concentration of high intensity light entering the 
output of and focused by the projection lens system. 

35. The system of claim 3 4 in which the 
display surface protecting means imparts circular 

10 polarization to light entering the input and exiting 

the output of the projection lens system. 

36. The system of claim 34 in which the 
display surface comprises a surface of a liquid 
crystal cell. 

15 37. An optical display system for 

presenting visual information to an observer, 
comprising: 

a vision unit through which the observer can 
view an outside world scene, the vision unit having a 
20 reflection nonenhanced reflective surface and a 

reflection enhanced wavelength selective reflective 
surface ; 

information source means for providing 
source information carried by plural wavelengths of 

25 different intensities of light propagating along an 

optical path for reflection by the reflective surfaces 
of the vision unit for display to the observer, one of 
the wavelengths of lower intensity light being 
reflected by the wavelength selective surface and a 

30 different one of the wavelengths of higher intensity 

light being reflected substantially only by the 
reflection nonenhanced reflective surface, thereby to 
provide a display image of the source information in 
color components of perceptibly equal intensities. 

35 33. The system of claim 37 in which the 

vision unit comprises a vehicle windshield. 

39. The system of claim 37 in which the 



3NSDOOD* ftonmwio i - 



WO 89/03059 



42 



PCT7US8S/03225' 



wavelength reflective surface comprises a holographic 
element. 

5 



10 



15 



20 



25 



30 



35 



3NS0OCID: <WO 89030S9A2.I_> 



WO 89/03059 



PCT/USS8/03226 




WO 39/03059 



PCT/U58S/03226 




8903059A2 I > 



WO 89/03059 



PCT/L'538/03226 



FIG.7B , 



F I G. 7A 

20 

/ 




—116 



FIG.6^ s*. 



r 



'—X 



I Li 



1 



^60 



60 



116 



114 



T 



\ 



_ -I 



1 



I I I l_l I 



J 



114 



20 



116 



F I G. 



I I I I J 1 



114 



F I G. 7C 




I I I I I 



T" 

i 

114 



60 "6 



"MI6 




WO 89/03059 



PCT/USSS/03226 



166 



+v 

il68 












DRIVE 






r 




AMPLIFIER 


172 


MICROMETER 






<> 


-V 


170 




132 



164 



SPEEDOMETER 



174 



Id 



FREQUENCY- 
TO-DIGITAL 
CONVERTER 

~S 

176 178 





READ 
ONLY 
MEMORY 




r 


T 



F I G. 9A 



182 184 



DIGITAL-TO- 

ANALOG 
CONVERTER 



186 



134 




FIG.9B 



oo-- 



Ui 
UJ 



U 
< 

- 6 

Q b 
UJ 

< 




50 



IOOKm/Hr 



8903059A2 I > 



SUBSTITUTE SHEET 



WO 89/03059 



PCT/L : SSS/03226 




PCT 



WORLD iNTELL£C7L"AL PROPERTY ORGANIZATION 
International Bureau 




INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT) 



(51) International Patent Classification 4 : 
G 02 B 27/10, 13/18, 17/02, 1/04, 5/28, 5/30 



A3 



(11) International Publication Number: WO 89/ 03059 

(43) International Publication Date: 6 April 1989 (06.04.89) 



(21) International Application Number: PCT/US88/03226 

(22) International Filing Date: 16 September 1988 (16.09.88) 

( JI> Priority Application Number : 098,528 

(32) Priority Date: 18 September 1987 (18.09.87) 

(33) Priority Country : US 



(71) Applicant: FLIGHT DYNAMICS, INC. [US/US]; P.O. 

Box 230609, Portland, OR 97223 (US). 

(72) Inventors: WOOD, Robert, B. ; 3607 SE Roanoke 

Court, Hiiisboro, OR 97123 (US). THOMAS, Mark, 
A. ; 234 Cervantes, Lake Oswego, OR 97034 (US). 
DESMOND, John, P. ; 4635 SW Kahneeta, Portland, 
OR 97229 (US). 

(74) Agents: ANGELLO, Paul, S. et al.; Stoel Rives Boley 
Jones & Grey, 900 SW Fifth Avenue, Suite 2300, Port- 
land, OR 97204 (US). 



(81) Designated States: AT (European patent), BE (Euro 
pean patent), CH (European patent), DE (European 
patent), FR (European patent), GB (European pa 
tent), IT (European patent), JP, LU (European pa 
tent), NL (European patent), SE (European patent) 



Published 

With international search report 

Before the expiration of the time limit for amending the 
claims and to be republished in the event of the receipt of 
amendments. 

(88) Date of publication of the international search report: 

20 April 1989 (20.04.89) 



(54) Title: AUTOMOBILE HEAD-UP DISPLAY SYSTEM 



(57) Abstract 




An optical display system (10) presents visual source information to an observer (18). The display system includes a 
vision unit (14) that has reflective surfaces (16)*through which the observer can view an outside world scene and which ref- 
lect source information emanating from an information source (22) for display to the observer. In a preferred embodi-, 
ment, the optical display system constitutes a head-up display system for an automobile and the observer is the driver of 
the automobile. The vision unit constitutes an automobile windshield with or without a reflection enhancement material 
and whose inner and outer surfaces reflect source information carried by light propagating from the information source, 
such as a liquid crystal display (32). A projection lens system (24) positioned between the inner surface of the windshield 
and the information source has optical light-directing properties for compensating for optical aberrations introduced by 
the nonplanar windshield surface. The projection lens system includes an aspheric element (262) that is unique to a specif- 
ic aspheric windshield shape and remaining elements that are common to a great number of different windshield shapes. A 
positioning mechanism (130) allows the driver to adjust the vertical position of the source information (60) reflected by the 
windshield within a total display field of view for optimal viewing by a seated driver. The positioning mechanism also au- 
tomatically changes the distance between the display image and the driver as a function of vehicle speed to promote safe 
vehicle operation. 



FOR THE PURPOSES OF INFORMATION ONLY 



Codes used to identify States party to the PCTon the front pages of pamphlets publishing international appli- 
cations under the PCX. 



AT Austria 

AU Australia 

BB Barbados 

BE Belgium 

BG Bulgaria 

BJ Benin 

BR Brazil 

CF Central African Republic 

CG Congo 

CH Switzerland 

CM Cameroon 

DE Germany, Federal Republic of 

DK Denmark 

FI Finland 



Ht France 

GA Gabon 

GB United Kingdom 

HU Hungary 

IT Italy 

JP Japan 

KP Democratic People's Republic 

of Korea 

KR Republic of Korea 

LI Liechtenstein 

LK Sri Lanka 

LU Luxembourg 

MC Monaco 

MG Madagascar 



ML Mali 

MR Mauritania 

MW Malawi 

NL Netherlands 

NO Norway 

RO Romania 

SD Sudan 

SE Sweden 

SN Senegal 

SU Soviet Union 

TD Chad 

TG Togo 

US United States of America 



iNSOOCIO: <WO 8903059A3_L> 



INTERNATIONAL SEARCH REPORT 

International Application N o, PCT/US 88/03226 

I. CLASSIFICATION OF SUBJECT MATTER (if several classification symbols apply, indica te all) « 
According to International Patent Classification (IPC) or to both National Classification and IPC 

INT. CL* G02B 27/10, 13/18, 17/02, 1/04, 5/28, 5/30 
U.S. CL. 350/174,443,445,432,352,330,345,354,479 

II. FIELDS SEARCHED ~~ — " 

Minimum Documentation Searched 7 



Classification System 


- Classification Symbols 


u.s . 


350/174, 
399,400, 
73/488 


445,432, 
401,354, 


442, 
330, 


443,444,3 .7,166,345,352,372, 
354;- 479,480,481; 340/705; 



Documentation Searched other than Minimum Documentation 
to the Extent thai such Documents are Included in the Fields Searched 9 



III. DOCUMENTS CONSIDERED TO BE RELEVANT « 



Category 



[J.S., A, 4,740,780 Brown 
entire document) 



Citation of Document, » with indication, where appropriate, of the relevant passages w 



Relevant to Claim No. *** 



x,p 



X 

y 



2 6 April 1988 Tsei 



Y 
A 



U.S., A, 3,887,273 Griffiths 03 June 1975 (se 
entire document) 



U.S. A, 3,848,974 Hosking et al 19 November 
1974 (see entire document) 



U.S., A, 4,218,111 Withrington et al 19 Augus 
1980 (see entire document) 

U.S., A 3,915,548 Oppitek et al 28 October 
1975 (see entire document) 

U.S., A, 4,669,810 Wood 02 June 1987 (see 
entire document) 

U.S., A, 4,600,274 Morozumi 15 July 1986 (see 
entire document) 



1,2,6-8,22- 

24,26 

3-5 

1,2,6-8,22- 
24, 26 



3-5,28,31-36 

1- 8,12,13,15 
16,18,22-26, 
33 

1-8,17,18, 
22-24 

2- 5, 36 



9-10 

1-3,6-8,22- 
24,26,31-33 

3-5, 10 



• Special categories of cited documents: w 
"A" document defining the general state of the art which is not 
considered to be of particular relevance 

"E" earlier document but published on or after the international 
filing date 

"L** document which may throw doubts on priority claim(s) or 
which is cited to establish the publication date of another 
citation or other special reason (as specified) 

"O" document referring to an oral disclosure, use. exhibition or 
other means 

"P" document published prior to the international filing date but 
later than the priority date claimed 



"T" later document published after the international filing date 
or priority date and not in conflict with the application but 
cited to understand the principle or theory underlying the 
invention 

"X" document of particular relevance: the claimed invention 
cannot be considered novel or cannot be considered to 
involve an inventive step 

M Y M document of particular relevance; the claimed invention 
cannot be considered to involve an inventive step when the 
document is combined with one or more other such docu- 
ments, such combination being obvious to a person skilled 
in the art. 

"4." document member of the same patent family 



IV. CERTIFICATION 



Oate of the Actual Completion of the International Search 

15 March 1989 



Date of Mailing of this International Search Report 



2 2 MAR 1989 



International Searching Authority 



ISA/ US 



Signature of Authorized Officer 



Jon W. Henry 



Form PC771SAV21 0 (second sheet) (Rev. 1 1 -87) 



Internatio 



nai Application No. PCT/US 88/03226 



III. DOCUMENTS CONSIDERED TO BE RELEVAN T (CONTINUED FROM THE SECOND SHEET! 

Category* | Citation of Document. with indication, where appropriate, of the relevant passages j Relevant to Claim No 



X 
Y 



X,P 
X,P 



A,P •- 
A ' 

A i 

A,P - 

A . 



U.S., A, 4,686,274 Yoshida et al 11 August 
1987 (see entire document) 

U.S., A, 4,447,128 Ferrer 8 May 1984 (see 
entire document) 

U.S., A, 4,657,348 Ziegler 14 April 1987 (see 
entire document) 

U.S., A, 4,468,101 Ellis 28 August 1984 (see 
entire document) 



U.S., A, 4,722,601 McFarlane, 2 February 1988 
(see entire document) 



U.S., A, 4,729,634 Raber 08 March 1988 

U.S., A, 4,688,879 Fairchild 25 August 1987 

U.S., A, 4,655,540 Wood et al 07 April 1987 

U.S., A, 4,763,990 Wood 16 August 1988 

U.S., A, 3,574,283 Albers 13 April 1971 



3-5 
34,36 
34, 35 
1,11,12,21 



13-18, 22, 25, 
28 

11 

12,15,16,22, 
25,26,28 

37-39 

37-39 

37-39 

37-39 

11-21,25,30 



Form PCT7ISA/210 («nra shoa) (Rev.11-a7) 



> 8903059A3_I_> 



International Application No. PCT/US 88/03226 



FURTHER INFORMATION CONTINUED FROM THE SECOND SHEET 



V.Q OBSERVATIONS WHERE CERTAIN CLAIMS WERE FOUND UNSEARCHABLE 1 



This international search report has not been established in respect of certain claims under Article 17(2} (a) for the following reasons: 
I.!""! Claim numbers . because they relate to subject matter not required to be searched by this Authority, namely: 



2.f"l Claim numbers . because they relate to parts of the international application that do not comply with the prescribed require- 

ments to such an extent that no meaningful international search can be carried out 1 3 . specifically: 



3. n Claim numbers , because they are dependent claims not drafted in accordance with the second and third sentences of 

PCT Rule 6.4(a). 



VI. □ OBSERVATIONS WHERE UNITY OF INVENTION IS LACKING * 



This International Searching Authority found multiple inventions in this international application as follows: 

(see attached sheet) 



t.fcg As ali required additional search fees were timely paid by the applicant, this international search report covers ail searchable claims 
of the international application. 

2. n As only some of the required additional search fees were timel> paid by the applicant, this international search report covers only 

those claims of the international application for which fees were paid, specifically claims: 

3. | I No required additional search fees were timely paid by the applicant- Consequently, this international search report is restricted to 

the invention first mentioned in the claims: it is covered by claim numbers: 



4. 1 I As ail searchable claims could be searched without effort justifying an additional fee, the International Searching Authority did not 
invite payment of any additional fee. 



Remark on Protest 
155 The additional search fees were accompanied by applicant's protest 
I I No protest accompanied the payment of additional search fees. 



Form PCT/1SA/210 (supplemental sheet ft (Rev. 1 1*87} 



-1- 



•PCT/tJS 88/03226 
(continuation of item VI on proper sheet) 



I. A head - up device which may include wavelength 
selective means claims 1, 2, 6-8, 22, 23, 24, 26 
and 37-39. 

XI. A head - up device which may include P^ote? 1 **®,* 
means claims 1, 2, 6-8, 22, 23, 24, 26, and 34-36, 

III. A head - up device which may include liquid 
crystal means, claims 1-10, 22-24, and 26. 

IV. A head - up device which may include transverse 
and longitudinal moving means, claims 1, 2, 6-8, 
22-24, 26 and 30. 

V. A head - up device which may include longitudinal 
moving means only, claims 1, 2, 6-8, 22-24, 26, 
27, and 29. 

VI. A head - up device which may include transverse 
moving means only, claims 1, 2, 6-8, and 11-27. 

VII A head - up device which may include particular 
lenses l r 2, 6-8, 22-24, 26, and 31-33. 

VIII. A head - up device which may include particular 
reflectors, claims 1, 2, 6-8, 22-24, 26, and 28. 
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